Abstract -The dielectric constants and loss tangents of KRS-5 and KRS-6 thallium halide mixed crystals have been measured at 95 GHz using both the shorted wavegnide (SWG) reflection method and the Fabry-Perot (F-P) transmission method on samples filfing standard WR-10 waveguide.
I. INTRODUCTION T HE MIXED
CRYSTAL thallium bromide-iodide (KRS-5) has long been known as an infrared transmitting window material for the wavelength range 0.6-40 pm.
However, little was known about its microwave transmission properties, and nothing of its properties in the millimeter wave range. Recently, long fibers of KRS-5 have been fabricated, and their infrared transmission has been reported [1] . Soon afterward, propagation in a KRS-5 fiber at 95 GHz was demonstrated [2] , thus raising the possibility of waveguide applications in the millimeter-wave range.
The low-frequency dielectric constant of KRS-5 is given by von Hippel [3] as 32, which would imply a very small fiber diameter for such a millimeter-wave guide (less than 1 mm diameter) and allow a wide range of dielectrics for cladding material, for example, Teflon or polyethylene. Von Hippel also reports a loss tangent of 2 X 10-3 in KRS-5 at 10 GHz [3] , while Popa and Johnson [2] measured a value of 2.3 X 10-3 at 37 GHz. The losses are expected to be larger at higher frequencies due to lattice absorption, but no literature values are available. The reported low-frequency losses in are also quite low [3] . Accordingly, we undertook a study of the dielectric properties of KRS-5 and KRS-6 at 94 GHz to assess the potential of these materials in a practical flexible waveguide.
Our measurement techniques utilize samples mounted in In addition, samples of Teflon and Rexolite were measured by these same two techniques as a check on the validity and accuracy of the methods.
II.
SAMPLE PREPARATION
In preparing samples for any waveguide measurement, it is very important that a tight fit be obtained to the waveguide walls. The errors introduced by any gap between the wall and the sample increase as the dimensions of the waveguide and sample decrease and as the dielectric constant increases. In order to obtain the best fit for the 95-GHz measurements, the samples of KRS-5 were hotpressed into a waveguide-shaped opening in a copper wafer. The cross section of the opening was 2.54X 1.27 mm, corresponding to standard WR-10 waveguide. This opening was formed by electroplating a thick layer of copper onto a precision machined aluminum mandrel, and then etching away the mandrel. Before the copper electroplating, a thin (5-pm) layer of gold was evaporated on the mandrel; after electroplating and etching, this gold layer remains on the interior surfaces of the waveguide and prevents oxidation during the hot-pressing procedure. Samples of KRS-5 and KRS-6 were machined from commercial stockl into billets which were slightly undersize in both thickness and transverse dimensions. A sample was then inserted into a wafer opening and pressed with an 1The sources of the materials were: KRS-5, Harshaw Chemical Co., Solon, OH; British Drug House, Poole, England. 0018-9480/82/0300-286$00
.75 01982 IEEE where R is the power reflection coefficient of a single air-dielectric interface and a + jj3 is the complex propagation constant for TE,0 waves in the dielectric-filled region
where X is the free space wavelength, a is the width of the waveguide, c; -je~is the complex relative dielectric constant, and tan 8 is the loss tangent. These expressions are valid for low-loss materials (tan 8< 1).
The reflection coefficient R in (1) (1) tinguishable from bulk dielectric losses and could constitute a source of error. However, standard WR-10 waveguide loss is usually quoted as 4 dB/m, which would yield an apparent loss tangent of 4.4X 10'4 if the dielectric filling were completely lossless. This turns out to be at least an order of magnitude smaller loss than the samples measured, and we have not corrected for it.
The transmission and reflection for all possible combinations of wafer thicknesses were measured at a fixed frequency of 94.75 GHz. These data were then used as input to a computer program that systematically varied the complex dielectric constant to yield a least-squared-error fit of the theoretical transmission or reflection coefficient to the data. To reduce the data with this program the user specifies a range of complex dielectric constant to be explored for a possible fit by specifying maximum and minimum values of a and~and the step size for each. Starting at one corner of the (a,~) space, the program computes the sum of the squared differences between the theoretical expression (1) and the measured transmissions for all samples lengths. The program repeats this calculation, stepping a through its complete range, and stores the minimum rms error found and the value of a that gives the minimum. From our experience, it appears that in the case of high-dielectric constant material, the best data are obtained from the measurement of the transmission coefficient, whereas for low-dielectric constant material the reflection coefficient should be used, and a fit made to the reflection equation analogous to (1)
IV.
WAVEGUIDE REFLECTION MEASUREMENTS
In a second experiment we measured the complex reflection coefficient from a single wafer inserted at the shorted end of a waveguide. An experimental arrangement similar to the one described by Roberts and von Hippel [4] was used for the reflection measurements, as shown in Fig.  2 
(b).
A short was placed at the end of the empty waveguide, creating a reference standing wave pattern. The position of a node was determined with a slotted line (TRG Model W740). A wafer was then inserted between the end of the waveguide and the short, and the position and magnitude of the standing wave were again determined with the slotted line. As before, the precision attenuator was used to return the detector output to the reference level, so that the VSWR accuracy depended solely on the attenuator calibration, and not on the detector linearity, The measurements were made at a frequency of 94.75 GHz.
The theoretical equation relating the shift of the VSWR minimum from the reference position and VSWR magnitude to the complex dielectric constant of the sample is transcendental and implicit in dielectric constant
where Ag is the wavelength in the air-filled guide and S is the distance from the dielectric interface to the first node of the standing wave in the air-filled sections; S is also equal to the shift in position of the standing wave mode when the sample is inserted. As before, the assumption is that the power remains in the TE,0 mode throughout, even though higher order modes can exist in the dielectric-filled section.
The right-hand side of (7) contains the measured quantities and is evaluated, resulting in a single complex number.
The propagation constant a + jfl is then determined numerically from this complex number and c; -jc~from a + j~by (2) and (3). A computer program to solve these equations was written along the lines of the program used by Nelson et al. [9] .
The values of complex dielectric constant obtained for the samples of KRS-5 and KRS-6 are given in Table II. The agreement between the various samples is quite good and provides an increased level of confidence in the results.
In order to provide a further check on our experiments, we measured the dielectric properties of Rexolite and Teflon at 95 GHz and obtained values similar to those obtained with the F-P technique. Unfortunately, the wafer-mounted samples of Teflon and Rexolite were not thick enough to yield good results. In the case of very low-loss low dielectric constant materials, it is desirable to use samples that are significantly larger physically because the additional losses when the dielectric is introduced in the waveguide must be larger than the losses. due to the metallic walls.
Accordingly,
we cut longer samples of Teflon and Rexolite ( -13 mm) for a slip fit in WR-10 waveguide from the same lots of Teflon and Rexolite used for the wafers. Our using a setup similar to the one depicted on Fig. 2(b) . In this case, the samples were machined to size and slipped into the end of a standard X-band waveguide. The average values for the complex dielectric constant of KRS-5 at 10
GHz were e'= 30.6 tan8=4X10-3.
V. COMPARISON OF THE Two METHODS
Two different methods of measurement were used primarily to gain added confidence in the results. However, it may be useful to make some comparison between the two techniques. The shorted waveguide (SWG) method requires a slotted line or other means of determining the shift in standing wave position while the F-P method does not: since slotted lines are increasingly expensive and difficult to make at shorter wavelengths, this is a definite advantage for the F-P method. On the other hand, the SWG method requires only a single sample and no curve fitting, while the 
where f is the frequency and p is the resistivity. As expected, the data points closely follow a l/~variation, corresponding to p = 2 X 108 Q. cm and c;= 31. The absorption at microwave and millimeter wavelengths appears to be dominated by the low-frequency tail of the strong lattice absorption centered at -1400 GHz. If we model the lattice vibration as a single harmonic oscillator, the loss 
where y is the damping coefficient (rad-1) and f. is the resonant frequency. In Fig. 3 we have drawn a line through the data points that gives a value of y/2mf02 = 1.5 X 10-13 [1]
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